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• Background and Aims In temperate woody perennials, flower bud development is 
halted during the winter, when the buds enter dormancy. This dormant period is a 
prerequisite for adequate flowering, is genetically regulated, and plays a clear role in the 
possibility of adaptation of species and cultivars to climatic areas. However, 
information is missing on the biological events underpinning dormancy. Stamen 
development, with clear differentiated stages, appears as a good framework to put 
dormancy in a developmental context. Here, stamen developmental changes are 
characterised in apricot (Prunus armeniaca) and related with dormancy.  
• Methods Stamen development was cytochemically characterised from the end of 
August to March, over four years. Developmental changes were related to dormancy, 
using the existing empirical information on chilling requirements.  
• Key results Stamen development continued during the autumn, and the flower buds 
entered dormancy with a fully developed sporogenous tissue. While no anatomical 
changes were observed during dormancy, breaking of dormancy occurred following a 
clear sequence of events. Starch accumulated in particular places, predating further 
development in those areas. Vascular bundles developed and pollen mother cells 
underwent meiosis followed by microspore development.  
• Conclusions Dormancy appears to mark a boundary between the development of the 
sporogenous tissue and the occurrence of meiosis for further microspore development. 
Breaking of dormancy occurs following a clear sequence of events, providing a 
developmental context to study winter dormancy and to evaluate differences in chilling 
requirements among genotypes. 
Key-words: Apricot, cambium activation, carbohydrate partitioning, chilling 
requirements, dormancy, meiosis, pollen development, Prunus armeniaca, stamen 
development, vascular differentiation. 
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INTRODUCTION 
Stamen and pollen development is a highly conserved process in Angiosperms (Hong, 
2005; Feng and Dickinson, 2007; Dickinson and Grant-Downton, 2009) with a highly 
conserved genetic control (Borg et al., 2009; Wilson and Zhang, 2009). This consistent 
developmental process contrasts with the very different conditions in which it occurs 
and the very different timing of the events involved. While in herbaceous plants the 
process from stamen initiation to pollen shedding may last for a few weeks (Smyth et 
al., 1990), in some woody perennials this process may last for several months (Jansson 
and Douglas, 2007). This is due to the fact that plant expansion to different climates and 
latitudes has gone through adaptation to cold winters. Two main strategies have been 
adopted: vernalisation, where the plant overwinters in a quite stage and cold is required 
for flower induction (Sung and Amasino, 2005); or dormancy, where the flower bud 
development is initiated in the autumn, enters the winter in a dormant stage (Rohde and 
Bhalerao, 2007), and resumes growth after dormancy. While biennials and winter 
annuals usually vernalise, dormancy is common in woody perennial species adapted to 
temperate climates (Chouard, 1960). 
 Dormancy is a strategy adopted by phylogenetically very different woody 
perennial species, such as Populus or Prunus, and plays a clear role in the adaptation of 
species and cultivars to particular climates and latitudes. The period of time during 
which the flowers remain dormant is genetically regulated since each genotype or 
cultivar has particular cold requirements and these requirements are constant over the 
years and the locations (Jansson and Douglas, 2007). In fruit trees, where cultivars are 
clones of the same genotype, these differences among cultivars are a clear criterion for 
cultivar selection to a particular location, and have clear agronomic and economic 
relevance. Moreover, chilling requirement is the main restriction to the extension of 
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temperate fruit crops to warmer climates since the cold period is required for proper 
flower bud development and flowering (Perry, 1971).  
  Winter dormancy in trees is referred as endodormancy, when chilling 
requirements are been accumulated, and the flower bud is incapable to respond to 
warmer temperatures and break dormancy. The term ecodormancy is used, once the 
chilling requirements are fulfilled, when the flower buds would respond to warm 
temperatures with bud burst, but they remain in an apparent quiescent stage due to still 
cold temperatures (Lang et al., 1987; Horvath et al., 2003). Thus, it is difficult to 
establish when flower buds have broken endodormancy and resume growth, since no 
external signs of development can be detected until budburst, several weeks later. In 
spite of the importance of this parameter, no clear indicator for the breaking of 
dormancy is still available, and cold requirements in temperate fruit trees are 
empirically calculated from temperature data or by observing signs of bud growth. This 
has resulted in high differences in the estimation of chilling requirements of particular 
cultivars depending on the method of calculation. 
While chilling requirements vary greatly among genotypes, little is known about the 
physiological changes underlying these differences (Faust et al., 1997; Rohde and 
Bhalerao, 2007) and their influence in bud dormancy (Weinbaum et al., 1989; Bartolini 
et al., 2006). The search for metabolic indicators during cold acclimation (Guy, 1990; 
Welling and Palva, 2006), dormancy (Smith and Kenfford, 1964; Arora et al., 2003), 
and de-acclimation (Kalberer et al., 2006) has been intermittent; encouraged by the 
importance of the subject, but discouraged by the failure of getting a clear picture of the 
process. More recently a rapid advance is taking place on the knowledge of how plants 
perceive temperature. Chromatin remodelation has proven to be involved in 
vernalisation in Arabidopsis (Henderson and Dean, 2004) and also in other temperature 
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response processes (Kumar and Wigge, 2010), and it has been put forward that it could 
also be involved in dormancy (Hovarth et al., 2003; Rhode and Bhalerao, 2007). 
However, the lack of a well-studied developmental framework hampers the evaluation 
of this hypothesis.  
Flower differentiation in temperate fruit trees starts at the end of the previous 
summer and goes on along the autumn, with the differentiation of all floral whorls; bud 
development is arrested during the winter. However, information is surprisingly scarce 
on the biological events behind dormancy, and, indeed, no biological indicators of this 
parameter exist, except a posteriori when bud growth can be recorded through an 
increase of bud weight and later on by bud burst (Brown and Kotob, 1957). 
 Stamen and pollen development appears as an attractive candidate to provide a 
framework to study dormancy in detail, since it has clear landmark developmental 
stages that can be precisely framed within a time scale. This process has been 
characterised in model species such as Arabidopsis (Sanders et al., 1999), rice 
(Raghavan, 1988), tobacco (Koltunow et al., 1990) or tomato (Brukhin et al., 2003); but 
also in some woody perennials as poplars (Boes and Strauss, 1994). Comparative 
studies show that both the developmental process and its genetic control are highly 
conserved (Scott et al., 2004; Wilson and Zhang, 2009; Pacini, 2010). But no attention 
has been given to this process in relation to dormancy.  
Fruit trees have an added bonus for the study of dormancy, since the number of 
cold hours required to break dormancy have been established for a number of cultivars, 
opening the way to follow stamen and pollen development in relation to dormancy. We 
were particularly interested in Prunus, because a good number of species as peach (P. 
persica), cherries (P. avium, and P. cerasus), plums (P. domestica and P. salicina) or 
apricot (P. armeniaca) have edible fruits. Moreover, growth of these species in warmer 
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latitudes is halted by the particular cold requirements of each cultivar, since failure to 
cover these cold requirements results in failures at flowering (Chandler and Tufts, 
1933). While events along pollen development have been described in several Prunus 
species (Pacini et al., 1986; Reinoso et al., 2002), these have not been considered in 
relation to dormancy. In order to fill this gap, in this work, we follow anther and pollen 
developments in apricot (Prunus armeniaca) paying attention to how stamens enter in 
dormancy, whether any changes occur during dormancy and what are the first events 
that take place at the breaking of dormancy.
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MATERIALS AND METHODS 
 
Plant material 
Two trees of apricot ‘Moniqui’ were selected from an experimental orchard in the CITA 
in Montañana, Zaragoza (Spain) at 41º44’30”N latitude, 0º47’00”W longitude and 220 
m altitude. The trees were grafted on ‘Montizo’ plum rootstock and planted in an 
orchard distribution of 6 x 6 m. Flower buds were weekly sampled from fruitful short-
shoots 10 – 35 cm in length around the canopy between the time of flower bud 
differentiation, in August-September, and the time of flowering, in February-March, 
during four years. 
 Apricot ‘Moniqui’ has been reported as having requirements of 1050-1150 chill 
units (CU) (Tabuenca, 1979) and 779-956 hours below 7ºC (Tabuenca, 1968). The time 
when these chilling requirements were covered was estimated for the four years of 
experiments according to the number of hours below 7ºC (Weinberger, 1950) and to the 
Utah model (Richardson et al., 1974) adapted for apricot cultivars (Tabuenca, 1979) for 
CU. The date of chilling fulfilment in each year was related to developmental events in 
the flower buds. 
 
Microscope preparations  
A first survey of anther development was done in paraffin sections. For this purpose, ten 
flower buds were fixed weekly in FAA [70% ethanol: acetic acid: formaldehyde (18:1:1 
v/v/v)] (Johansen, 1940), after the removal of bud scales by forceps. Flower buds were 
dehydrated in a tertiary butyl alcohol series (70%, 85%, 95% and 100%, v/v), embedded 
in Leica Histowax paraffin (Leica Microsystems, Wetzlar, Germany) and sectioned at 
10 µm in a Reichert-Jung 1130/Biocut rotatory microtome (Reichert-Jung, Heidelberg, 
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Germany). Prior to stain, sections were rehydrated (three washes in Histoclear 
[CellPath, Hemel, UK], one in Histoclear:ethanol [1:1, v/v] and an ethanol series 
[100%, 70% and 40%, v/v]) and stained with 0.07% calcofluor in water for cellulose 
(Hughes and McCully, 1975).  
 Five additional flower buds per sample date were fixed in 3:1 (v/v) ethanol-
acetic acid for 24 h and transferred to 75% ethanol at 4 ºC for storage (Williams et al., 
1999). Five additional flower buds per sample date were fixed in glutaraldehyde at 2.5% 
in 0.03 M phosphate buffer (Sabatini et al., 1963). Flower buds were dehydrated in an 
ethanol series and embedded in JB4 plastic resin (Polyscience Inc., Warrington, 
Philadelphia, PA, USA), sectioned at 2 µm in a Leica 2045 multicut microtome (Leica 
Microsystems, Wetzlar, Germany) and mounted on slides covered with 1% of gelatine.  
Resin sections were stained with periodic acid-Schiff’s reagent (PAS) for 
insoluble carbohydrates (Feder and O'Brien, 1968), with PAS and Toluidine Blue for 
general histological observations (Feder and O'Brien, 1968), with 0.07% calcofluor in 
water for cellulose (Hughes and McCully, 1975), and with 0.01% auramine in water 
(w/v) for cutin (Heslop-Harrison, 1977). To observe nuclei during pollen development, 
sections of material fixed in 3:1 (v/v) ethanol-acetic acid were stained with a solution of 
1 mg ml-1 4.6-diamidino-2-phenylindole dilactate (DAPI) in 0.05 M TRIS buffer (pH 
7.2) (Williams et al., 1999). To detect mitotic activity and xylem connections, a double 
staining with DAPI and 0.01 % of acridine orange in water was used. Optimum staining 
was achieved with DAPI 1:100 and acridine orange 10:25 in phosphate buffered saline 
(PBS), applying drops directly on sections for 5 min. Sections were distained in three 
washes of PBS (5 min each wash), rinsed and mounted in water (Dudley et al., 1987).  
Preparations were observed under a UV epifluorescent Leica DM2500 
microscope (Leica Microsystems, Wetzlar, Germany) with a BP 340-380 and LP 425 
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filter for DAPI and acridine orange, a BP 450-490 and LP 515 filter for auramine, and 
BP 355-425 and LP 470 for calcofluor. Sections were also observed by phase contrast 
microscopy and with differential interference contrast (DIC). Microphotographs were 
taken with a digital camera, Leica DC-150 (Leica Microsystems, Wetzlar, Germany) for 
fluorescence microscopy and Leica DC-320 for light microscopy. 
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RESULTS 
 
Anther development and chilling requirements 
Under our climatic conditions, flower buds started differentiation in August. During the 
autumn the flower whorls differentiated, and in the winter the flower bud entered 
dormancy with its development apparently halted. After the dormancy period, the 
flower bud resumed development, which accelerated along bud burst. Stamens initiated 
their differentiation at the end of August, ten days after the first signs of flower 
differentiation were apparent, following petals and sepals differentiation, and prior the 
emergence of the pistil primordium. Anthers showed a homogeneous appearance (Fig. 
1A) before dormancy. Anther layers differentiated along the autumn (Fig. 1B). During 
winter, the archesporal cells and all the anther layers (epidermis, endothecium, three to 
four middle layers and a single layered tapetum) were clearly distinguishable (Fig. 1C). 
After dormancy, the first apparent change was the layering of a thick cellulose and 
callose wall around the pollen mother cells (Fig. 1D), as they entered meiosis. This was 
followed by microspore development accompanied by conspicuous changes also in the 
stamen (Fig. 1E) up to anthesis, when the anthers and pollen grains were fully mature 
(Fig. 1F).  
  To frame these events within a dormancy context, the dates of chilling fulfilment 
were empirically calculated with temperature data according to the chilling 
requirements available for this cultivar in our conditions (Julian et al., 2007 and 
references therein). Chilling requirements were fulfilled in mid-January in the four years 
of experiments. This occurred with apparently resting closed flower buds, some five 
weeks before bud break, and eight weeks before anthesis. The dates of chilling 
fulfilment for four years were related with the observed developmental steps into the 
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anther in each year (Fig. 2). In all four years, meiosis closely followed the empirical 
calculation of chilling requirements. 
 
Breaking dormancy: the first changes  
Once the chilling requirements were fulfilled, the stamens were examined. During 
dormancy, the whole stamen was devoid of starch. This lack of starch was also clear in 
the prevascular area (Fig. 3A, B); but breaking endodormancy was accompanied by 
starch accumulation in this area (Fig. 3C, D). However, starch grains soon vanished in 
the prevascular area (Fig. 3E, F), as mitotic activity was clearly observed in the 
procambium (Fig. 3G, H). This predated vascular differentiation, and young xylem 
vessels were soon seen in this area (Fig. 3I, J), which rapidly developed (Fig. 3K), and 
were well-developed some two weeks later (Fig. 3L).  
Breaking of dormancy was accompanied by starch accumulation in the stamen. 
This occurred in a radial way starting in the prevascular area and extending to the anther 
layers: epidermis, middle layer and endothecium; and also in the pollen mother cells 
(Fig. 4A), but was absent in the tapetum. A thick wall that stained with calcofluor for 
cellulose and with aniline blue for callose surrounded the pollen mother cells (PMC) 
(Fig. 4B). At the same time, the nuclei of the tapetum cells divided (Fig. 4C) and these 
cells became bi or multinucleated. Starch vanished from PMC, which were initially 
connected by cytomictic channels (Fig. 4D), and meiosis was apparent (Fig. 4E). 
Concomitantly the tapetum started fragmentation. Cytomictic channels were no longer 
present at the end of the first meiotic division (Fig. 4F,G). Meiosis proceeded rapidly 
and was completed within one week. Following telophase II, callose layered around 
each haploid cell forming the tetrad (Fig. 4H). Meiosis was synchronized within each 
locule and anther. But after meiosis, asynchrony in the development of the different 
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microspores was observed within a locule of the same anther. Also differences in 
anthers within the same flower bud were detected at all stages. 
 Microspores were released from the tetrads and young microspores rapidly 
developed, as the anther degenerated. As the microspore developed starch vanished 
from the anther layers, following the same order in which it accumulated: from the 
vascular bundles and the connective tissue to the endothecium. Starch was no longer 
visible in these layers at bud burst. 
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DISCUSSION 
 
Stamen development and dormancy 
Stamen development of apricot followed a conserved pattern, common to other species. 
However, results herein show that winter dormancy sets a boundary between the 
development of the sporogenous tissue and further microspore development. The 
stamens developed during the autumn, until they reached a stage in which all anther 
layers and sporogenous tissue were well differentiated. The stamens remained in this 
anatomically quiescent stage during the winter for some three months, to resume growth 
and microspore development after dormancy. The sequence of developmental events 
observed in apricot stamens fits with previous reports in several Prunus species (Brown, 
1952; Pacini et al., 1986; Reinoso et al., 2002), other woody perennial (Boes and 
Strauss, 1994) and even most gymnosperms (Gifford and Foster, 1987). Indeed, anther 
differentiation (Feng and Dickinson, 2007; 2010a,b) and pollen development (Knox, 
1984; Scott et al., 2004; Hong, 2005; Dickinson and Grant-Downton, 2009; Pacini, 
2010) appear to be a well conserved process in angiosperms. 
 Interestingly, whenever this process has been timed, the phase prior to meiosis, 
in which stamens enter dormancy, constitutes a relatively long phase. For instance, in 
Arabidopsis this phase lasts for 2-3 days in relation to a total floral developmental 
process of 13 days (Smyth et al., 1990). While pollen development in relation to winter 
dormancy in temperate trees has been overlooked, it might be worth to evaluate if 
flowers in other species enter dormancy in this same developmental stage, and if winter 
dormancy also sets a boundary between the sporogenous tissue and further microspore 
development. If this occurs, it would provide a good frame to look at the early changes 
accompanying breaking of dormancy. It would be interesting to ascertain whether the 
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anthers arrest before or after the premeiotic S phase, and also the possible changes in 
euchromatin remodelling along this apparently long lasting stage.  While a number of 
developmental and genetic changes accompany the onset of meiosis, the real switch still 
remains elusive (Dickinson and Grant-Downton, 2009). 
 
Breaking dormancy 
Once the chilling requirements were fulfilled, and prior to any external apparent 
changes, breaking dormancy was accompanied by starch accumulation in the 
prevascular area of the stamen filament, as a prelude of further vascular differentiation 
in this area. This starch vanished as the procambium activated and vascular connections 
were established. Then an increase in activity was observed in the long dormant 
sporogenous tissue of the anther, announcing the beginning of meiosis (Fig. 5).  
 The establishment of vascular connections has not been previously associated 
with breaking of dormancy in flower buds. However, indirect evidence supports this 
view since cold deacclimation (Ashworth, 1984; Ashworth et al., 1989) and frost 
sensitivity (Julian et al., 2007), which are known to occur after rest break, have been 
related to the establishment of vascular connections in the flower bud. Indeed, this does 
not appear to be a special feature of flower buds, since cambial reactivation of 
vegetative buds appears to be the first sign of breaking the quiescent dormant stage in 
temperate trees (Fonti et al., 2007; Begum et al., 2007; 2008) and is accompanied by a 
cascade of active gene expression (Schrader et al., 2004; Druart et al., 2007). 
Interestingly, starch also accumulates close to the cambium in vegetative buds, and is 
degraded concomitantly with cambium reactivation in both deciduous (Begum et al., 
2007; Deslauriers et al., 2009) and evergreen trees (Oribe et al., 2001; 2003).  
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The establishment of vascular connections is related to the beginning of pollen 
development. Meiosis is a highly conserved process in eukaryotes (Dickinson and 
Grant-Downton, 2009), but the causes behind the switch to meiosis in reproductive 
organs in plants are still elusive (Bennett, 1971; Bhatt et al., 2001; Wilson and Yang, 
2004; Harrison et al., 2010). Temperature appears also to play a part, and warmer 
temperatures have been related to the onset of meiosis in a number of species (Citadin et 
al., 2002). Results herein show that meiosis closely follows the establishment of 
vascular connections, but the implications of this observation are to be explored. 
 
Carbohydrate partitioning in the stamen 
Stamen development was accompanied by conspicuous changes in starch accumulation 
and degradation. This occurred in a precise orchestrated way, in particular areas at 
particular times and was a prelude of activity in these sites. Following breaking of 
dormancy, starch accumulated first in the connective tissue and then in the anther layers 
in an orderly way, from the outer to the inner layers. While the timing of starch 
accumulation in relation to breaking of dormancy has been overlooked, the 
accumulation of starch in the anther appears to be a conserved phenomenon in a number 
of unrelated species (Pacini et al., 1986; Clement et al., 1994; Lora et al., 2009). 
Moreover, sugar partitioning along pollen development is a key factor for viable pollen 
(Zhang et al., 2010). 
 Starch also accumulated in the pollen mother cell prior to meiosis and, after 
meiosis, microspore development was accompanied by starch vanishing in the stamen. 
This also occurred in an orderly way, following an inverse order to stach accumulation, 
from the inner to the outer layers of the anther wall, similarly to the observations in 
other angiosperms (Clement and Pacini, 2001). Starch vanishing was followed by the 
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degradation of the anther layers, as it occurs in other species (Goldberg et al., 1993), 
starting with the tapetum, which follows programmed cell death pattern (Wu and 
Cheung, 2000). 
 Results herein set a frame for stamen and pollen development in relation to 
winter dormancy. Dormancy in apricot established a boundary between the 
differentiation of the sporogenous tissue and further microspore development.. The first 
observed change at breaking of dormancy was the establishment of vascular 
connections in the stamen followed by meiosis. This sequence of events sets the stage 
for the study of gene expression along pollen development in temperate woody 
perennials and also for studies of chilling requirements and adaptation in these species. 
Moreover, the similitude of events here observed in flower buds with those recently 
described for vegetative buds -in terms of breaking of dormancy and the establishment 
of vascular connections- sets a common ground for a rapid advance in this field.  
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FIGURE LEGENDS  
FIG. 1. Anther development of Prunus armeniaca. (A) Anther differentiation before 
dormancy, showing a homogenous appearance in the summer. (B) A well defined 
stamen structure, with early cell layers (arrowheads) and sporogenous tissue (ST) in the 
autumn. (C) During winter dormancy, all anther layers were differentiating: epidermis 
(Ep), endothecium (En), middle layers (ML) and a single layered tapetum (T), and 
archesporal cells (AC) were distinguishable. (D) After dormancy, the pollen mother 
cells (PMC) were layered with a thick cellulosic wall (arrowheads). (E) Following 
meiosis, young microspores (arrowheads) appeared. (F) Mature anther at anthesis with 
pollen grains (arrowheads). Transversal 2µ sections of anthers embedded in JB4 and 
stained with calcofluor. Scale bars: 20μm in A, B and C; 40μm in D; 100μm in E and F. 
 
FIG. 2.  Timing of chilling fulfilment, microsporogenesis and flowering in Prunus 
armeniaca in four years of experiments. 
 
FIG. 3. Mitotic activity and vascular differentiation in the stamen at breaking of 
dormancy in Prunus armeniaca. (A, B) Prevascular area (PA) void of starch during 
endodormancy. (C, D) Once chilling requirements were fulfilled, starch grains 
(arrowheads) began to accumulate around the prevascular area. (E, F) Starch 
progressively vanished from the prevascular area. (G, H) Concomitantly, mitotic 
activity (arrowheads) was apparent in the prevascular area (white arrow). (I, J) 
Establishment of young xylem vessels (arrowheads) following mitotic activity. (K) 
Young and (L) well-developed vascular connections (arrowheads) following breaking 
of dormancy. Transversal sections of stamens embedded in JB4 and stained with PAS 
and Toluidine blue in A, C, E; with PAS in B, D, F; with DAPI and acridine orange in 
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G-J, and with calcofluor in K-L. Scale bars: 40 μm in A, C, E, G, I, K, L; 20 μm in B, 
D, F; 10 μm in H, J. 
 
FIG. 4. Microsporogenesis in Prunus armeniaca. (A) Starch (arrowheads) accumulated 
progressively in the anther layers and in the pollen mother cells (PMC). (B) Callose 
deposition (arrowheads) surrounding the PMC and (C) nuclei division (arrowheads) of 
tapetum cells indicate the starting of microsporogenesis. (D) Starch vanished from the 
PMC, which were initially connected by cytomictic channels (arrowheads) and (E) 
chromosomes (arrowheads) became evident at the end of prophase I. (F) At telophase I 
(arrowheads), (G) cytomictic channels disappeared isolating each PMC. (H) Following 
telophase II, a second callose deposition (arrowheads) isolated each microspore forming 
the tetrad (T). Transversal 2µ sections of anthers embedded in JB4 and stained with 
PAS and Toluidine blue in A, D and G; with calcofluor B and H; with DAPI and 
acridine orange in C and E; with DAPI superimposed with phase contrast in F. Scale 
bars: 20 μm.  
 
FIG. 5. Diagram representing the sequence of developmental events in the stamen, 
specifying those occurring at the breaking of dormancy. 
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